Abstract: Global urbanization is a vital process shaping terrestrial ecosystems but its effects on forest soil carbon (C) dynamics are still not well defined. To clarify the effects of urbanization on soil organic carbon (SOC) variation, 306 soil samples were collected and analyzed under two urban-rural gradients, defined according to human disturbance time and ring road development in Changchun, northeast China. Forest SOC showed a linear increase with increasing human disturbance time from year 1900 to 2014 (13.4 g C m −2 year −1 ), and a similar trend was found for the ring road gradient. Old-city regions had the longest SOC turnover time and it increased significantly with increasing urbanization (p = 0.011). Along both urban-rural gradients SOC stability toward temperature variation increased with increasing urbanization, meaning SOC stability in old-city regions was higher than in new regions. However, none of the urban-rural gradients showed marked changes in soil basal respiration rate. Both Pearson correlation and stepwise regression proved that these urbanization-induced SOC patterns were closely associated with landscape forest (LF) proportion and soil electrical conductivity (EC) changes in urban-rural gradients, but marginally related with tree size and compositional changes. Overall, Changchun urbanization-induced SOC accumulation was 60.6-98.08 thousand tons, accounting for 12.8-20.7% of the total forest C biomass sequestration. Thus, China's rapid urbanization-induced SOC sequestration, stability and turnover time, should be fully estimated when evaluating terrestrial C balance.
Introduction
Urbanization constitutes an important land use and land cover change process, with impacts on both terrestrial and aquatic carbon pools, and understanding and quantifying carbon flows in cities offers a powerful lens into urban ecosystems and provides a compact metric of urban sustainability [1] . In China, the urbanization rate increased from 17.92% in 1978 to 51.27% in 2011 and the population in city areas has risen from 0.17 billion to 0.69 billion [2] , exceeding 50% of China's total population. A science research agenda grounded in sustained and intense observations, focusing on a statistically significant sampling of cities, is crucial for estimating urban carbon pools and fluxes as well as the processes controlling them, and will increase our understanding of the carbon cycle [1] . Soil is the largest terrestrial organic carbon pool, containing twice as much carbon as the atmosphere or vegetation before its release into the atmosphere, and forests are the largest terrestrial ecosystem for carbon sequestration [3] . A small change in soil carbon may radically alter the balance of terrestrial ecosystems and the global carbon cycle [4] . It is important to scientifically understand the effects of urbanization on forest carbon dynamics, especially the underground soil organic carbon (SOC) changes and underlying mechanisms related with soil turnover, temperature stability and respiration.
Urbanization effects are typically evaluated along urban-rural gradients, which have been used in studies considering ecosystem structure [5] , biodiversity [6] , and forest soil heavy metals [7] . In a city with clear development history, classification of regions with urban settlement history could be used as urban-rural gradients with exact development time. In China, cities are usually sprawled through ring road development, i.e., a first ring road region will have had the longest urbanization history, while an outer ring road will have had a shorter urbanization time. On the other hand, ring roads are much more related with lifestyle and government regulations as a sign of urbanization. It is well known among citizens that many government regulations are issued depending on the ring road numbers. In Changchun city, for example, the use of fireworks is now strictly prohibited within the 4th ring road since the government's 16th executive meeting. Also, heavy-polluting vehicles are now forbidden within the 4th ring road from 6 a.m. to 8 p.m. since 1 January 2015. Both two urban-rural gradients related to urban history and ring road-sprawl have been used in the analysis of aboveground biomass [8, 9] , however, their reliability on SOC changes still needs to be testified in a study. Laboratory experiments set to determine soil basal respiration can also indicate SOC decomposability and turnover [10] , and the factor by which soil respiration rate increases when temperature increases 10 • C (Q 10 ) can indicate the temperature stability of SOC decomposition [11] . Thus, besides the SOC concentration and density, soil respiration, temperature stability and turnover time in urban soils are important for understanding the underlying mechanisms related to SOC changes [5, 10, 12] . Furthermore, forest SOC has been mostly considered a constant or a null value in evaluating the response to urbanization [13] [14] [15] [16] , although some studies have shown possible accumulations [8, 9, 17] or releases [18] . Based on a systematic study and a large dataset in a typical fast-urbanized city, scaling-up of forest SOC changes to a city level will facilitate awareness of underground forest SOC importance in urbanization processes.
Reasons for underground SOC changes have been ascribed to land use changes [13] , tree species alternation [19] and tree size differences, as well as soil properties [13] . In urban regions of China, a forest is defined as the trees, mainly arbors (groves), in and around the cityscape which reach a certain scale and coverage [20] , and forest types are usually classified as roadside forest (RF), ecological welfare forest (EF), landscape forest (LF), and affiliated forest (AF), according to their land use differences [20] . Alternations in land uses possibly contribute to SOC dynamics to some extent [21] , while tree species also differ in SOC accumulation and the potential turnover owing to litter quality [19] . Moreover, tree dimensions including diameter, height and crown size are also responsible for SOC variations, owing to tree size being a proxy for forest development (tree age). Also, soil properties themselves including pH, bulk density (BD) [22] and electrical conductivity (EC) could regulate soil microbes and thus SOC dynamics [23, 24] . These factors are the main reasons for changes in forest SOC, soil respiration, temperature stability and turnover during urbanization processes. Furthermore, in a large-scale field survey, a proper statistical method facilitates clarification of the complex interaction of multiple factors on the response function [25] . An integrated approach including correlation analysis and regression analysis [22] can be used to obtain reliable results and explanations of such variations.
For addressing the urbanization effects on forest SOC changes, in this study we assessed the influence of urbanization on SOC accumulation, its turnover and temperature stability, and analysed the potential reasons for such variations. Specifically, we addressed the following questions: (1) how much does SOC density (SOCD), soil basal respiration, temperature stability, and carbon turnover change along urban-rural gradients? (2) Did human disturbance time-related gradients and ring road-related gradients produce a similar result? And (3) what is the possible reason for these SOC urban-rural patterns? Are there any implications for future studies and forest management? Under a global urbanization background and especially considering China's fast urbanization in recent years, addressing these questions might allow for evaluating its forests' ecological services.
Materials and Methods

Study Area Description and Urbanization Level Classification
Our study was conducted in Changchun, a typical medium-sized city, which is the capital of Jilin province, northeast China (43 • 42 to 44 • 03 N, 125 • 09 to 125 • 27 E). Covering approximately 524 km 2 (within the beltway) (Figure 1 ), Changchun had 3.659 million inhabitants at the end of 2014 (Changchun Statistical Bureau data). The climate is temperate humid or sub-humid continental monsoon, the mean annual precipitation is 567 mm, and the mean air temperature is 4.8 • C [26] . Dominant soil types are black soil, dark-brown soil, and chernozem [27] . a global urbanization background and especially considering China's fast urbanization in recent years, addressing these questions might allow for evaluating its forests' ecological services.
Materials and Methods
Study Area Description and Urbanization Level Classification
Our study was conducted in Changchun, a typical medium-sized city, which is the capital of Jilin province, northeast China (43°42′ to 44°03′ N, 125°09′ to 125°27′ E). Covering approximately 524 km 2 (within the beltway) (Figure 1 ), Changchun had 3.659 million inhabitants at the end of 2014 (Changchun Statistical Bureau data). The climate is temperate humid or sub-humid continental monsoon, the mean annual precipitation is 567 mm, and the mean air temperature is 4.8 °C [26] . Dominant soil types are black soil, dark-brown soil, and chernozem [27] . The location and samples of the study area. Notes: (A) Northeast China; (B) Changchun administrative region; and (C) map of study area, in which the shading represents the regions of different soil build-up time, the red lines indicate the different ring road boundaries and the dots are the sample points of different forest types: RF, roadside forest; AF, affiliated forest; LF, landscape and relaxation forest; EF, ecological and public welfare forest; and PF, production and management forest (the map was created by ArcGIS 10.3, Esri, RedLands, CA, USA).
We used human disturbance time and ring roads to represent the urbanization level. Changchun historical maps and literature data [28] were used to distinguish human disturbance times. Five categories, based on the years at which soil was built-up (the years 1900, 1954, 1990, 2004 , and 2014), indicated human disturbance time, i.e., 114, 60, 24, 10, and 0 years, respectively. Moreover, ring road numbers are another symbol to indicate the urbanization degree, which studies have shown can be used as a proxy for the degree of urbanization [29] or urban-rural gradients [21, 27] . Accordingly, the urban area was divided into five categories, i.e., 1st, 2nd, 3rd, 4th, and 5th ring road regions ( Figure  1 ). For understanding urbanization effects, the urban-rural gradient transect method is generally used to evaluate time and space substitutions. However, the choice of this transect is subjective and Figure 1 . The location and samples of the study area. Notes: (A) Northeast China; (B) Changchun administrative region; and (C) map of study area, in which the shading represents the regions of different soil build-up time, the red lines indicate the different ring road boundaries and the dots are the sample points of different forest types: RF, roadside forest; AF, affiliated forest; LF, landscape and relaxation forest; EF, ecological and public welfare forest; and PF, production and management forest (the map was created by ArcGIS 10.3, Esri, RedLands, CA, USA).
We used human disturbance time and ring roads to represent the urbanization level. Changchun historical maps and literature data [28] were used to distinguish human disturbance times. Five categories, based on the years at which soil was built-up (the years 1900, 1954, 1990, 2004 , and 2014), indicated human disturbance time, i.e., 114, 60, 24, 10, and 0 years, respectively. Moreover, ring road numbers are another symbol to indicate the urbanization degree, which studies have shown can be used as a proxy for the degree of urbanization [29] or urban-rural gradients [21, 27] . Accordingly, the urban area was divided into five categories, i.e., 1st, 2nd, 3rd, 4th, and 5th ring road regions (Figure 1 ). For understanding urbanization effects, the urban-rural gradient transect method is generally used to evaluate time and space substitutions. However, the choice of this transect is subjective and usually biases the urbanization level determined. The large urban dataset used in the present paper, as well as the use of an urban-rural gradient related to ring road development and urban disturbance time, help contribute to a more objective determination of the urbanization level, also reflecting the real urbanization process.
Soil Sampling, Field Survey and Tree Measurement
Spot 5 (Earth observation satellite system launched by France) image data collected on 14 September 2010 were geo-rectified and re-projected in ArcGIS firstly. Then, urban forest locations were extracted from the image by the visual interpretation method (ArcGIS). The 306 sites in the present study (12 for 114 years, 90 for 60 years, 57 for 24 years, 41 for 10 years, 106 for 0 years; 31 in the 1st ring road, 55 in the 2nd ring road, 75 in the 3rd ring road, 50 in the 4th ring road, and 95 in the 5th ring road, respectively) were sampled according to the stratified random sampling method to allocate plot numbers [30] based on their locations and forest coverage ( Figure 1 ).
Field surveys were conducted in July and August 2014, and each plot was about 400 m 2 for tree measurement and soil sampling. At each site, four replicate soil samples were taken undisturbed under the trees down to 20 cm, using a cutting ring (a soil container, 100 cm 3 ). The ring-cup was inserted into the soil with a plastic hammer. Then, the intact soil with 100 cm 3 was taken out, and the samples were collected in cloth pockets, transported to the laboratory, and then mixed and fully air-dried at least 2 months until a constant weight for bulk density measurement. Visible plants, stones and rock fragments, and roots greater than 2 mm were removed from soil samples [9] before they were ground and sieved (0.25 mm mesh) for laboratory analysis. For testing purposes, air-dried samples are usually 1% different from oven-dried (105 • C) soil, and thus utilization of air-dried samples did not bias the total SOC determination.
At the same time of soil sampling, all tree species were recorded according to tree name (genus, family) and leaf morphology (conifer and broadleaf). Diameter at breast height (DBH), tree height (TH), height under branch (HUB), and crown size (CS) of each tree in the plot were also recorded. DBH was measured at 1.3 m above-ground level by a DBH tape. TH and HUB were measured using a Nikon Forestry PRO550 laser rangefinder (Nikon, Jackson, MS, USA). Canopy projection was measured on the ground by a regular long steel tape in two directions (North-South; East-West), and these data were used to calculate the CS with the ellipse area formula. These compositional data and tree size data were used to find their possible contribution to SOC patterns in urban-rural gradients. Different land use usually accompanies different SOC dynamics. For finding different forest uses contributing to the urban-rural SOC patterns, the field survey also recorded the forest into five types [20] based on their location, function, and management objectives: (1) roadside forest (RF), trees along railroads, highways, boulevards, roads, and streets; (2) affiliated forest (AF), trees next to buildings in school yards, campuses, hospitals, commercial and business districts, industrial areas and residential areas; (3) landscape and relaxation forest (LF), trees in the public parks, forest parks, historic sites, and scenic areas; (4) ecological and public welfare forest (EF), trees next to river banks and farmlands; and (5) production and management forest (PF), trees in the nurseries, orchards, plantations, and woodlands. Soil organic carbon was measured by the heated dichromate/titration method [31] . In this procedure, potassium dichromate (K 2 Cr 2 O 7 ) and concentrated H 2 SO 4 were added to soil subsamples (0.1 to 0.5 g). Solutions were fully mixed and halted overnight, and tubes were then immersed in an auto-controlled 170-180 • C oil bath for 5 min. These digestion solutions were titrated with a FeSO 4 solution with an exact concentration, using two to three drops of phenanthroline as a colour indicator (brick-red indicated the endpoint of the titration). Soil samples and a standard soil sample (ASA1, Institute of Geophysical and Geochemical Exploration, Langfang, China) were measured simultaneously in each digestion, and the final SOC content obtained for the reference/standard soil sampled assumed digestion was complete [5] . A 1:5 soil solution (one part soil to five parts distilled water) was used to determine soil pH with an acidity meter (Sartorius PT-21, Shanghai, China). Soil electrical conductivity (EC) was determined with an EC meter (DDS-307, Shanghai Precision Scientific Instruments Co., Ltd., Shanghai, China). Topsoil SOCD (kg/m 2 ) within each sample was calculated according to Equation (1) [32] :
where BD is the bulk density (g/cm 3 ), C is the SOC content (g/kg), δ is the fraction of gravel material, and h is the topsoil depth (0.2 m). Soil basal respiration in laboratory measurement was carried out in the following manner. Dry soil subsamples (100 g) from each of the 306 samples were incubated in two petri dishes (9 cm diameter) under three temperature grades in 3 growth cabinets (HPG-280 HX, Donglian Company, Harbin, China) [33] . Soil subsamples were adjusted to 80% WHC (water-holding capacity) and pre-incubated for seven days at 20 • C to minimize the initial flush of soil respiration, and then transferred to constant temperature and humidity incubators at 10, 20, and 30 • C for seven days (a pre-test before the experimental proceedings found that after 5 days of incubation, the soil basal respiration rate was almost steady from day 6 (supplemental Table S1 )). Soil basal respiration rates were then measured using a LI-6400 meter (LI-COR, Inc., Nebraska, NE, USA), inserting the sensor head into the incubator and above the petri dishes to improve measurement precision (supplemental Figure S1 ). Water loss during incubation was examined gravimetrically every day, and it did not exceed 2%.
The relationship between temperature and soil respiration was modelled according to the Van't Hoff equation [34] .
where R is the above-mentioned soil basal respiration rate (SR) (µmol/m 2 /s), R 0 is a fitting parameter referring to soil respiration rate at 0 • C, T is the air temperature which was 10 • C, 20 • C, 30 • C respectively, and b is a parameter defining temperature dependence upon soil respiration. Temperature sensitivity (Q 10 ) of SOC respiratory decomposition was calculated as the following equation [34] :
The SOC turnover time (TT) τ (years) can be calculated from the total reservoir size (C total , kg C m −2 ) and the influx or the outflux (kg C m −2 year −1 ) as the Equation (4) [35] . In this study, the total reservoir size was the carbon stock in soils (SOCD, kg/m 2 ), the influx was the carbon uptake through gross primary production (GPP), which we did not consider under the laboratory measurement, and the outflux was the carbon losses, which were represented as the soil annual respiration (AR, kg/m 2 /year) (heterotrophic respiration, in this paper).
Soil C efflux from AR was calculated according to Function (2) by using whole-year hourly air temperature data (acquired from Changchun Meteorological Station). A total of 20 stations distributed in urban-rural gradients were used in this scaling-up. We made use of inverse distance weight interpolation in ArcGIS 10.3 to obtain the air temperature of the 306 plots, and calculated the soil respiration flux by multiplying the forest soil area and the mean soil respiration rate of the 306 plots. The air temperature data were divided into each gradient in the ring road and urban disturbance time-related urban-rural gradients. This kind of respiration scaling-up included the temperature differences in downtown regions and outskirts to help ensure data reliability. The carbon accumulation due to human disturbance time and ring road-related urbanization were calculated by multiplying the areas of different urbanization gradients and the C accumulation rate. Within this analysis, the areas were derived from the remote sensing image, and the rate of C accumulation equalled the slope of the regression equation of the two urbanization gradients. We calculated the total soil carbon sequestration content at 1-m depth and compared it with the aboveground C biomass. According to previously published data, SOCD at 0-20 cm depth is approximately 50% of that obtained at 0-100 cm depth in China [36] [37] [38] .
Forest Type, Tree Composition, Soil Properties and Tree Size Properties: Urban-Rural Gradient Analysis
For finding the underlying reasons for SOC urban-rural patterns, the forest type changes, compositional changes, soil properties and tree size were analysed according to the field survey data. In each of the 5 human disturbance time gradients and 5 ring road gradients, all sampling plots were averaged for calculating tree dimensions (DBH, TH, HUB, CS) and soil properties (bulk density, EC and pH). In the case of forest type, the proportion of RF, AF, LF, EF and PF types to total sampling plots was calculated in each urban-rural gradient for finding relative changes of forest types at urban-rural gradients.
In the case of compositional changes, we divided the trees according to their family. A total of 7 categories were classified according to field survey data, as follows. Category 1: Betulaceae included 2 species-Betula platyphylla and Betula costata. Category 2: Aceraceae included 4 species-Acer mono, Acer negundo, Acer palmatum and Acer mandshuricum. Category 3: Rosaceae included 9 species-Armeniaca mandshurica, Malus baccata, Padus maackii, Padus racemosa, Prunus ussuriensis, Pyrus ussuriensis, Crataegus pinnatifida, Amygdalus davidiana and Prunus ceraifera f. atropurpurea. Category 4: Pinaceae included 7 species -Pinus sylvestris var. mongolica, Pinus tabuliformis, Pinus tabulaefomis var. mukdensis, Larix gmelinii, Pinus banksiana, Abies nephrolepis and Picea koraiensis. Category 5: Salicaceae included 5 species -Salix babylonica, Salix matsudana, Populus alba, Populus davidiana and Populus cathayana. Category 6: Ulmaceae included 3 species-Ulmus pumila, Ulmus pumila f. tenue and Ulmus pumila cv. jinye. Category 7 were recorded as other spp., and included 6 species -Albizia kalkora, Catalpa ovate, Fraxinus mandshurica, Quercus mongolica, Rhus typhina and Phellodendron amurense. Similar to forest types, the proportion of 7 categories of family and 2 groups of conifer/broadleaf in each gradient was calculated as the ratio between plot numbers including this family and total surveyed plots.
Statistical Analyses
We used multivariate analysis of variance (MANOVA) followed by Duncan multiple comparisons tests to evaluate the differences in SOCD, SR (average basal soil respiration rate at three temperature grades), Q 10 , and TT among different human disturbance times, ring roads and the interaction between them. Regression analysis was used to describe the relation of two urban-rural gradients with SOCD, SR, Q 10 , and TT. Significant linear relations indicated evident urbanization-induced SOC-related changes.
For finding the possible contribution of forest type, tree composition, soil properties and tree size differences to the urban-rural gradient patterns of soil carbon, two statistical analyses including Pearson correlation analysis and stepwise regression analysis were used in this paper. All statistical analyses were performed using SPSS Statistics 21.0 (IBM, Armonk, NY, USA).
Results
Effect of Urban-Rural Gradients on Soil Carbon Dynamics: MANOVA Results and Interactions
MANOVA results (Table 1) show that SOCD, SR, Q 10 , and TT differed among two urban-rural gradients related to human distance time (p < 0.05) and ring road (p < 0.01). However, there was no significant interaction between human distance time and ring road (p > 0.05).
Using the F-value as an indicator of the magnitude of the effects of both urban-rural gradients, SOCD and TT were most affected by human disturbance time (7-31% higher F-values) while SR and Q 10 were most affected by ring roads (51-55% higher F-values). Figure 2 shows the magnitude of these differences in SOCD, SR, Q 10 and TT. The highest SOCD, SR, and TT and the lowest Q 10 were found in the oldest urban region, i.e., in the region with 114 years of human disturbance. Linear regression analyses showed a significant increase in SOCD and TT with increasing human disturbance time (R 2 > 0.91, p < 0.05), while a linear and significant decrease was found in Q 10 (R 2 = 0.87, p = 0.038). Figure 2 shows the magnitude of these differences in SOCD, SR, Q10 and TT. The highest SOCD, SR, and TT and the lowest Q10 were found in the oldest urban region, i.e., in the region with 114 years of human disturbance. Linear regression analyses showed a significant increase in SOCD and TT with increasing human disturbance time (R 2 > 0.91, p < 0.05), while a linear and significant decrease was found in Q10 (R 2 = 0.87, p = 0.038). Significant differences in SOCD, SR, Q 10 and TT were found among the 5 ring roads (Figure 3) . A linear increase in SOCD was found from the 5th to the 1st ring road, whereas Q 10 presented the opposite trend; such linear relationships were not found for SR and TT. Linear regression analyses showed a significant increase in SOCD (R 2 = 0.80, p = 0.025) and a significant decrease in Q 10 soil temperature stability (R 2 = 0.84, p = 0.028) with increasing ring road development. (Figure 2 ).
Influence of Human Disturbance Time on SOCD, SR, Q10 and TT: Magnitude and Regression Analyses
Influence of Ring Road Development on SOCD, SR, Q10 and TT: Magnitude and Regression Analyses
Significant differences in SOCD, SR, Q10 and TT were found among the 5 ring roads (Figure 3) . A linear increase in SOCD was found from the 5th to the 1st ring road, whereas Q10 presented the opposite trend; such linear relationships were not found for SR and TT. Linear regression analyses showed a significant increase in SOCD (R 2 = 0.80, p = 0.025) and a significant decrease in Q10 soil temperature stability (R 2 = 0.84, p = 0.028) with increasing ring road development. The variations in ring road-related SOCD, SR, Q10 and TT were 1.54-, 1.35-, 1.23-, and 1.36-fold, respectively. Considering significant linear slopes as the changing rates, the SOCD in the inner ring road region increased 324.7 g C m −2 whereas the Q10 value dropped 0.095 with the development of each outward ring road.
Urban-Rural Gradient Changes in Forest Type, Tree Compostion, Soil Properties and Tree Sizes
RF, AF and LF existed in all urban-rural gradients, but PF did not appear in the city centre and EF was only located in outskirts. The proportion of LF showed a significant increasing trend with the human disturbance time-related urban-rural urbanization gradients (y = 0.0015x + 0.2094, R 2 = 0.538, p < 0.05) as well as the ring road-related urban-rural gradients (y = −0.109x + 0.617, R 2 = 0.837, p < 0.05). However, except LF, other types did not show linear changes in the two urban-rural gradients ( Table 2) .
As for tree composition (Table 2) , except Ulmaceae, all other species existed in all the urbanrural gradient zones. Tree family-based tree species did not display a monotonic changing trend either in human disturbance time-related or ring road-related urban-rural urbanization gradients. In The variations in ring road-related SOCD, SR, Q 10 and TT were 1.54-, 1.35-, 1.23-, and 1.36-fold, respectively. Considering significant linear slopes as the changing rates, the SOCD in the inner ring road region increased 324.7 g C m −2 whereas the Q 10 value dropped 0.095 with the development of each outward ring road.
As for tree composition (Table 2) , except Ulmaceae, all other species existed in all the urban-rural gradient zones. Tree family-based tree species did not display a monotonic changing trend either in human disturbance time-related or ring road-related urban-rural urbanization gradients. In the case of conifer and broadleaf classification, the proportions of broadleaf trees to conifers were all greater in the two urban-rural gradients. Soil properties showed different urban-rural patterns for different parameters (Table 2) . Bulk density (BD) values did not demonstrate a monotonic trend. In the human disturbance time-related urban-rural gradients, BD ranged from 1.37 g/cm 3 to 1.39 g/cm 3 , while the range was from 1.36 g/cm 3 to 1.38 g/cm 3 in the ring road-related urban-rural gradients. Soil pH values fluctuated up and down with the two urban-rural gradients. However, EC values showed a significant increasing trend in both urban-rural gradients (For different human disturbance times, y = 0.709x + 101.808, R 2 = 0.976, p < 0.01, and for different ring roads, y = 14.68x + 84.12, R 2 = 0.882, p < 0.05) ( Table 2) .
Tree size of DBH, TH, HUB and CS did not appear to have a monotonic change under the two urban-rural gradients. The largest DBH and TH were in the urban centre (114 years and 1st ring road), the largest HUB was in 60 years and the 1st ring road regions, and the biggest CS was located in 10 years and the 1st ring road regions (Table 2 ). Figure 4 shows that SOCD is weakly but significantly related to SR and TT (R 2 > 0.14, p < 0.001) but not with Q 10 (R 2 = 0.00, p > 0.05), indicating that SOC accumulation was mainly due to an increase in TT. Soil basal respiration depended on SOCD and TT but had no relation with Q 10 , whereas TT was negatively related with SR and Q 10 ( Figure 4E,F) . These results suggested SOC accumulation during urbanization might result from an increase in TT. 
Inter-Correlations among SOCD, SR, Q 10 and TT
Forest Types, Composition, Tree Sizes and Soil Properties and their Contributions to the Urban-Rural SOC Patterns
Pearson correlations were used to determine correlation coefficients for various factors (Table  3 ). The forest types and soil properties were significantly related with SOCD and Q10 variation, whereas SR was significantly associated with soil properties and tree size. TT was significantly related with forest type and species composition proportion as well as soil properties. Specifically, SOCD significantly increased with LF proportion and EC (p < 0.01). SR was significantly associated with EC (p < 0.01) and TH (p < 0.05). Q10 value was negatively associated with LF proportion and EC (p < 0.01). TT was related with LF proportion (p < 0.01), Pinaceae proportion (p < 0.05), conifer/broadleaf proportion (p < 0.01) and EC (p < 0.05). In other words, EC value was significantly related with all the four parameters, LF proportion had significant association with SOCD, Q10 and TT, tree species proportion was only associated with SR and TT, and TH only had influence on SR (Table 3) .
Stepwise regression could explain 82.6-99.4% of variations of the 4 SOC-related parameters, and it also confirmed the findings in Pearson correlations (Table 4) . Both EC and LF changes greatly affect the 4 SOC-related urban-rural patterns. With EC increases, increasing SOCD and SR, but decreasing 
Pearson correlations were used to determine correlation coefficients for various factors (Table 3) . The forest types and soil properties were significantly related with SOCD and Q 10 variation, whereas SR was significantly associated with soil properties and tree size. TT was significantly related with forest type and species composition proportion as well as soil properties. Specifically, SOCD significantly increased with LF proportion and EC (p < 0.01). SR was significantly associated with EC (p < 0.01) and TH (p < 0.05). Q 10 value was negatively associated with LF proportion and EC (p < 0.01). TT was related with LF proportion (p < 0.01), Pinaceae proportion (p < 0.05), conifer/broadleaf proportion (p < 0.01) and EC (p < 0.05). In other words, EC value was significantly related with all the four parameters, LF proportion had significant association with SOCD, Q 10 and TT, tree species proportion was only associated with SR and TT, and TH only had influence on SR (Table 3) .
Stepwise regression could explain 82.6-99.4% of variations of the 4 SOC-related parameters, and it also confirmed the findings in Pearson correlations (Table 4) . Both EC and LF changes greatly affect the 4 SOC-related urban-rural patterns. With EC increases, increasing SOCD and SR, but decreasing Q 10 values, were observed. With increases in LF proportion in different urban-rural gradients, increasing SOCD, SR and TT were found (Table 4) . Standardized coefficients showed the relative contributions of the parameters to SOC-related parameters. EC's contribution was 2-6-fold higher than that in pH, DBH, Betulaceae and Rosaceae proportion, and LF proportion was the second contribution to SOC-related parameters (Table 4) . ** indicates highly significant correlation and * indicates significant correlation. SOCD, soil organic carbon density; SR, soil basal respiration rate; and TT, turnover time. Forest types are: RF, roadside forest; AF, affiliated forest; LF, landscape and relaxation forest; EF, ecological and public welfare forest; and PF, production and management forest. Other abbreviations are: BD, soil bulk density; EC, soil electrical conductivity; DBH, tree diameter at breast height; TH, tree height; HUB, tree height under branch; and CS, tree crown size. Table 4 . Stepwise regressions of SOCD, SR, Q 10 , TT and forest types, tree species, soil properties as well as tree sizes. Note: The parameter was included in the model when p < 0.05, while deleted when p > 0.10. SOCD, soil organic carbon density; SR, soil basal respiration rate; TT, turnover time. EC, soil electrical conductivity; LF, landscape and relaxation forest; and DBH, tree diameter at breast height. 
Items Model
Carbon Accumulated in Forest Soil Due to Urbanization
The annual net ecosystem exchange (NEE) is usually considered the carbon sink capacity of the studied ecosystem [35] . Average NEE of natural forests within the same region was 165 g m −2 year −1 , which was 36% smaller than the net primary production (NPP)-related C sinks. Urbanization-related C sequestration in soil was about 16% of the NEE (Figure 5A) . At the city level, urban forest vegetation could fixate around 474,000 tons of C biomass [27] , and the urbanization-induced SOC accumulation ranged from 61,000 tons (estimated from human disturbance time gradient) to 98,000 tons (estimated from the ring roads gradient), which is about 12.8-20.7% (16.8%, on average) of that sequestrated in urban forest biomass ( Figure 5B 
The annual net ecosystem exchange (NEE) is usually considered the carbon sink capacity of the studied ecosystem [35] . Average NEE of natural forests within the same region was 165 g m −2 year −1 , which was 36% smaller than the net primary production (NPP)-related C sinks. Urbanization-related C sequestration in soil was about 16% of the NEE (Figure 5A) . At the city level, urban forest vegetation could fixate around 474,000 tons of C biomass [27] , and the urbanization-induced SOC accumulation ranged from 61,000 tons (estimated from human disturbance time gradient) to 98,000 tons (estimated from the ring roads gradient), which is about 12.8-20.7% (16.8%, on average) of that sequestrated in urban forest biomass ( Figure 5B ). Notes: The NPP C accrual and biomass C were cited from reference 27, NEE was calculated by NPP and annual respiration, and urbanization C accrual value (1-m depth) was calculated as the 2-fold of 20-cm depth SOCD [37, 38] .
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Discussion
Changchun SOCD and Its Related Character
Many studies have considered carbon storage capacity of forests or soil carbon in urban environments in relation to different land uses or land covers. The average SOCD in the topsoil of Changchun forests was 5.66 kg m −2 (0-20 cm), which was smaller than that found in Leicester (9.9 kg m −2 ) (0-21 cm) [39] and Beijing (7.33 kg m −2 ) (0-20 cm) [40] but larger than the average SOCD found in Guiyang (3.95 kg m −2 ) (0-15 cm) [41] , Changsha (3.87 kg m −2 ) (0-15 cm) [42] , Nanjing (2.18 kg m −2 ) (0-20 cm) [43] and Chuncheon (1.39 kg m −2 ) (0-30 cm) [44] . One reason for such differences might be the relatively low temperature in Changchun [37] . This city is located in northeast China, at a higher latitude than the other cities, and its low temperatures might induce a slower decomposition rate of soil organic matter [45] . In addition, Changchun belongs to the north-eastern old industrial base, and its evolution and forest development were accompanied by heavy industrial development. This increased soil organic matter input from environmental pollution, including human-induced organic matter accumulation under trees cleaned by sanitation workers and drainage accumulation from the city [46, 47] , led to the down-regulation of SOC decomposition [45] for about 100 years. Similarly, Beijing, which is the largest city in China and presents heavy urbanization and industrialization, had the largest soil carbon content, almost identical to the value registered in Atlanta, United States (7.7 kg m −2 ) [33] .
The Q 10 value obtained for Changchun (1.92 ± 0.03) was within the range reported for temperate forests (1.8-4.2) [48] . Mostly, excluding root respiration, natural forests have a larger Q 10 value [34] than that registered in urban forests. Globally, the average Q 10 value for soil respiration in urban forests, excluding root respiration, is above 3.5 [18] , reaching only 2.81 in northeast China [27] . Thus, urban forests became less affected by temperature changes than natural forests. Contrary to the trend observed in SOCD, Q 10 decreased with increasing urbanization (Figures 2C and 3C ), indicating that forest soil basal respiration was less sensitive with temperature change under urbanization pressure, which might have led to SOCD accumulation (Figures 2A and 3A ).
An average turnover time of 41.92 years has been reported for SOC in Chinese forests' topsoil [49] . In northeast China, a SOC turnover time of 13 years has been reported for the topsoil of temperate forests [50] . In the present study, the average SOC turnover time in the urban forest topsoil was 14.57 years, and it was much lower than average values determined for China but comparable to natural forests at the same latitude. However, our data were obtained under one settled condition in the laboratory, assumed as heterotrophic basal respiration, and the underestimation of respiration may lead to an overestimate of carbon turnover time. An increase in soil SOC accumulation and turnover time was evidenced by their positive correlations ( Figure 4C) . Thus, the increase in SOC turnover time observed from 1900 to 2014 indicated that the urbanization-induced SOC accumulation in soil was greater than the increase in basal respiration during the same period.
Characteristics of Urbanization and Carbon Accumulation Due to Urbanization
Some common metrics such as distance from urban core [9] , urban settlement times [21] and the impervious surface area fraction [51] were also used to represent the urbanization gradients. However, in China, the different ring roads were mainly used to determine the urban core or outskirts for public awareness. In our study, we divided the urbanization gradients by different human disturbance times and different ring roads, and testified that the ring roads produce similar results as the human disturbance times on forest C dynamics. This is helpful for citizens to understand the urbanization effects on forest soil C variations, and makes it easier to obey the government regulations about C cycles.
Although many previous studies considered urbanized SOC data, some reported high SOC content in downtown or old urban regions, while few of them reported the SOC accumulation rate. As in Chongqing, Southwest China, the areas developed from 2001 to 2010 had a lower SOCD than the areas built before 1988 [52] and in Shanghai, Southeast China, older parks had higher SOCD (201 t ha −1 ) than younger parks (107 t ha −1 ) [53] . Forest SOCD decreased from 4.24 kg C m −2 to 3.99 kg C m −2 from urban to suburban Boston, United States [9] , and in west Georgia (United States), SOCD in 1974, 1980, and 1990 was 5.487 kg C m −2 , 5.492 kg C m −2 , and 5.518 kg C m −2 , respectively [8] . In Harbin city, forest soil was accumulating at a speed of 15.4 g C m −2 year −1 [21] . Our study reported an SOC increasing rate of 13.4 g C m −2 year −1 , which was much lower than Harbin city.
In addition to the increase in total SOC, old urbanized regions had more temperature-stabled SOC with longer turnover times than in new urbanized regions. The carbon stability calculated for the 1st ring road was 6%, 7%, 13%, and 19% higher than that calculated for the 2nd, 3rd, 4th, and 5th ring roads, respectively. Carbon stability calculated for the human disturbance time of 114 years was 7%, 13%, 18%, and 15% higher than that calculated for 60, 24, 10, and 0 years, respectively. Therefore, SOC sequestration capacity might be even larger than expected in the above estimations, due to increasing SOC stability and longer SOC turnover time. The lower Q 10 value with urbanization meant a higher temperature stability and a lower soil basal respiration [54] . Therefore, greater carbon accumulation, longer carbon turnover time, and more stable carbon sequestration are the main features of urbanization-induced forest SOC accumulation.
Possible Reasons for the Urbanization-Induced Forest SOC Changes
The most important reasons for SOC accumulation under urbanization were the forest type-related land use alternations and EC-related soil property changes, and this is an important finding of this paper. It was reported that the forest floor C stocks are directly affected by litterfall C inputs [19] . Compared with other forest types, LF is mainly located in the semi-natural environments (such as public parks, forest parks, historic sites, and scenic areas), and the larger litterfall in LF might increase the C inputs over other forest types (RF, AF, PF and EF) for their large areas where people cannot easily disturb. Also, human activities in LF potentially increase human-related C (such as the food and rubbish people bring in) inputs into soils, as these places are attractive sites for sightseeing and physical activities [46] . Therefore, the close correlations between LF proportion and SOC-related parameters indicates that land uses of LF are a driver of SOC accumulation as shown in urban-rural gradients (Tables 2 and 3 ). EC value was positively associated with SOCD and the changing trend was similar to SOCD (Tables 2 and 3 ). EC is a proxy for soil salinity [22] and a decrease in salinity would improve the accessibility of soil organic matter to the soil microbial community [55] . In Northeast China, heavy snow in winter is usually accompanied with large amounts of snow-melting salt utilization. This salt utilization probably increases soil EC [56] , and it is likely a pattern that urban central regions had more utilization of these salts. Therefore, the high EC value in urban centres was another driver of SOC accumulation.
Our study also showed that only the proportion of Pinaceae and conifer/broadleaf trees had associations with TT, and the compositional changes had marginal associations with SOCD, basal respiration and Q 10 (Table 3) , and this is different from those in non-urban sites. In non-urban forests, species differences were important drivers for SOC changes [19] . Conifer forests showed much lower SOC accumulation capacity than broadleaf forests in Natural reserves in NE China [24] . This kind of leaf phenological differences-related SOC changes did not contribute to urban-rural SOC patterns, which were manifested in this study too (Table 3) . During urbanization processes, heavy human disturbance including litter removal, watering and fertilization, etc., are possibly changing the natural-based patterns. These changes may include low quality of litter within or near urban cores [57] , microbial diversity in rural, suburban, and urban stands contributing to organic material decomposition [23, 57] , microclimate differences, nutrient inputs, and changes in soil fauna [58] . Some more detailed studies related to inter-species differences should be done both in urban and natural regions to identify underlying contributions of different species to soil conditions and processes.
Understanding the potential factors affecting urban forest SOC accumulation under urbanization, serves to improve the capacity of carbon sinks of urban forests in the future. For example, an effective method was to increase the LF proportion in an urban region, although such activity is difficult in the city owing to limited green space available in urban areas. In Changchun city, the green space coverage decreased from 45.42% to 30.65% from 2006 to 2014 [59] . Secondly, chemical snow-melting salt utilization could enhance the salinity of soil, with many disadvantages on surface water, ground water, vegetation and animals [56] . However, SOC accumulation should be one good effect for such salt utilization, which has been shown by the positive relations between EC and SOCD in this paper. Finally, urbanization-induced forest SOC accumulation should be fully considered in terrestrial C balance analysis, given that the background of urbanization has become the first driver of land use changes in today's world [1] .
Some research uncertainty in this study should be pointed out, too. Firstly, laboratory-based basal respiration data may be dramatically different from those in field, although this kind of laboratory respiration measured is used as a routine method for basal respiration measurement [32] . SOC/respiration ratio is often used as an indicator of SOC turnover in instant measurements. In this paper, the scale-up from laboratory measurement to whole-year soil respiration, as well as SOC turnover time, might be different from some exact measurements, such as isotope measurements, although the patterns at urban-rural gradients in soil respiration, Q 10 and TT should be reliable in this paper. During field surveys, in situ soil respiration was not fully distinguishable between autotrophic and heterotrophic sources in such a large-scale survey, and ensuring the same environments (temperature and moisture, two important factors controlling respiration capacity) and field methods (such as the stretched-box method), were not possible in urban environments [12] . The laboratory incubation method should be the optimal way to measure the respiration differences among the 306 samples in the same environment, and also Q 10 values. Secondly, land use changes were not clear during the 100-year urbanization process. Our study manifested that land use alternations (such as LF proportion) are an important reason for the urbanized SOC pattern. The original land use in this region before urbanization was grassland/pasture. Owing to frequent disturbance in urban regions, the previous land-uses in some studied forests in this paper (such as roadside forest) were not recorded clearly. This may increase the uncertainty of this paper too, as for example, whether old city forest SOC increases or outer new city region SOC decreases, are the main contributors to the urban-rural pattern of carbon dynamics.
Conclusions
Our study provides a case study about the influence of urbanization on forest SOC sequestration, basal respiration, temperature stability and carbon turnover time in Changchun, a medium-sized mid-latitude city in Northeast China. Based on the field survey and laboratory experiments, we concluded that the urbanization process had significant influence on SOCD, SR, Q 10 and TT, and we confirmed the hypothesis that the ring road-related urban-rural gradient had the same effect on SOC-related parameters as the human disturbance time. Driven by urbanization, forest SOC has accumulated at a speed of 13.4 g C m −2 year −1 , Q 10 has decreased 0.076 year −1 , and SOC turnover time has increased 0.041 year −1 since 1900. Increases in LF proportions, as well as increases in soil EC values, are mainly responsible for these urbanization-induced SOC changes. Scaling-up of Changchun city data highlights the importance of forest SOC accumulation in terrestrial C balance; therefore, we argue that it is essential to consider the urban-rural gradient into carbon sink capacity research. These findings in this paper would help us to better understand the forest soil carbon budget under global change and its feedback on the environment. Table S1 : Pre-test results of soil basal respiration, Figure S1 : Soil respiration rate measurement.
